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Abstract: In mild climatic conditions, residential houses are often ventilated by opening windows. However, the resulting 
bi-directional airflow mechanism in single-sided naturally ventilated spaces is complex due to the involvement of buoyancy 
and wind driving forces along with wind turbulence and turbulence created at the opening. In addition, the wind effect might 
be reinforcing or restricting the buoyancy-driven natural ventilation. The consequence of these numerous effects on indoor 
flow-fields and particularly convective heat transfer on the floor needs further examination. In this respect, the earlier studies 
demonstrated that heat transfer of the floor was strongly influenced by the Rayleigh number (Ra) and the Window Opening 
Fraction (WOF) particularly in a buoyancy-driven single-sided natural ventilation set up. In an attempt to understand the 
influence of varying wind conditions, this work utilized Computational Fluid Dynamics (CFD) for numerically, examining a 
single-sided partly opened air-filled cubical enclosure. The results indicate that both the indoor flow-fields and heat transfer 
on the floor are strongly influenced by the outside wind conditions. As such, there is a significant scope of lowering the 
uncertainty of floor heat transfer estimation of a naturally ventilated buildings by including the effect of varying outdoor wind 
conditions in the existing empirical correlations. 
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1. INTRODUCTION

In New Zealand (NZ) there are approximately 1.6 million residential houses (Buckett and Burgess, 2009) typically constructed 
with metal roofs mounted on timber frames, a larger floor area and little, or no, insulation. Similar to other regions having 
mild climatic condition, it is traditional in NZ to ventilate residential houses passively by opening windows (Ryan et al., 2008) 
to improve indoor thermal comfort conditions during summer. These houses generally have rooms exposed to outside 
environment by window opening(s) to ensure the availability of the natural ventilation. However, depending on the location 
of the openings of the room or house and other factors, the natural ventilation phenomena can follow single sided, adjacent 
sided and cross ventilation principles. As such, in a particular operational period, when a room is naturally ventilated 
with single sided principle, the bi-directional airflow mechanism persists. This airflow mechanism is complex due to the 
involvement of a pulsating flow resulting from both the buoyancy and wind driving forces along with wind turbulence and 
turbulence created at the opening (Stabat et al., 2012). Furthermore, the wind effect might be reinforcing or restricting the 
buoyancy-driven natural ventilation (Hunt and Linden, 1999), resulting in difficulty in accurately predicting the potential of 
natural ventilation and its effect on the surface heat transfer. In addition to this, the highly fluctuating nature of associated 
driving forces, the uncertainty of occupant preference on temperature and airflow movement and different geometric 
dimensions and configuration of the naturally ventilated building (Tan, 2005) makes the predication even more complex. 

However, by utilizing a technique of coupled multi-zone thermal and airflow network modelling, most of the BES programs 
are capable of predicting the airflow through opening(s) and indoor air temperatures (Hiller et al., 2002) for naturally ventilated 
building. These programs use the fundamental concept of Convection Heat Transfer Coefficient (CHTC) introduced by 
Newton through his law of cooling expressed in equation 1; whereby the rate of convection heat transfer (qc) is proportional 
to the temperature difference between surface and surrounding fluid (Yunus and Afshin, 2015). However, a significant 
challenge of this function is related to identifying CHTC (hc in equation 1), because it is influenced by various factors mainly- 
mechanism of fluid flow, flow regime, properties of the fluid and geometry of the specific system in consideration. 

qc = hc. ΔT   (1) 
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While following the coupled thermal-airflow modelling technique, Pokhrel et al. (2016) demonstrated that a BES program 
(TRNSYS) could capture the thermal behaviour of a single sided natural ventilated house located in a mild climatic region of 
Auckland. In spite of this result, sensitivity analysis of various convection correlation by Goethals et al. (2011), Mirsadeghi et 
al. (2013) and Lomas et al. (1996) demonstrated that the choice of the CHTC correlation strongly affects the energy and the 
thermal comfort predictions. Further, Awbi and Hatton (1999) demonstrated that most of these correlations were developed 
fundamentally based on natural convection mechanism in a closed enclosure and expressed in terms of Nusselt number 
(Nu) and Grashof number (Gr) for respective heated surfaces. 

In this respect, while further investigating the influence of the natural ventilation on heat transfer behaviour of floor surface, 
Norris et al. (2015), Anderson et al. (2016) and Pokhrel et al. (2017) conducted a series of work particularly considering 
buoyancy driven flow. While doing this, they demonstrated that the Rayleigh number (Ra) and the Window Opening Fraction 
(WOF) strongly affected the heat transfer behaviour on the floor of a partially opened cubical 3D space as shown in Figure 
1 by Pokhrel et al. (2017). 

Figure 1. Heat transfer behaviour of the floor of partially opened cubical enclosure [Pokhrel et. al, 2017]

Nevertheless, in reality, wind also prevails in the environment. As such, this work as an extension of the research in this 
domain, particularly aims to investigate the problem numerically to better understand heat transfer behaviour of the floor in 
the partially opened cubical cavity exposed to different wind conditions. 

2. METHODOLOGY

A computational model of a 3D air filled room (L=2.4 m, W=2.4 m, H=2.4 m) (Figure 2), was developed in a commercial finite-
volume CFD solver ANSYS Fluent version 17.2. In performing the simulations, the room was placed in a simulation domain 
with open boundaries a distance 5L from the cube external wall upstream, sidewise and top and 15 L downstream from 
the rear wall. For the simulations, the floor was assumed to have a temperature of 35˚C and ambient temperature condition 
of 20˚C producing a buoyancy effect, while all other walls were assumed to be adiabatic. For this study, a single window 
(W=0.9 m and H=1.5 m) was placed in the upstream wall with simulations undertaken assuming Window Opening Fraction 
(WOF) value of 0.5. For the simulations, discrete values of input wind conditions of 0, 2, 4, 6 and 8 m/s at a reference height 
of 10 m and angle of attack of 0˚ were considered initially to create respective atmospheric boundary layer wind profiles 
derived from a power law. While doing this wind velocity profile exponent value of 0.218 for rough terrain was applied. 

In addition, to assess the effect of wind direction (0-360˚) on the flow field of 3D space and eventually heat transfer 
behaviour of the floor, the building was rotated with an interval of 30˚ by maintaining input wind velocity of 4 m/s at the 
reference height. As an example, Figure 2 demonstrates the 3D air domain with atmospheric boundary layer input wind 
profile equivalent to the wind condition of 4 m/s wind speed at the reference height and wind direction of 0˚. 
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Figure 2. Schematic representation of computational domain and model

An unstructured 3D tetrahedron mesh type with ~1.8 million control volumes with inflation layers (first layer height of 
0.5 mm and a stretching factor of 1.1) was utilised such that the average y+ value was significantly less than 1 (~0.3), 
in order to resolve the boundary layer close to the wall. The turbulent field was addressed using the transient k-′ Shear 
Stress Transitional (SST) Low Reynolds Number viscous model with the coupling between pressure and velocity distribution 
resolved using the SIMPLEC scheme.  Spatial discretization was performed with the PRESTO pressure scheme and a 
second order linear upwind difference scheme was employed for the other variables. By using the k-′ SST turbulence 
model, Uzair et al. (2017) and Uzair (2018) also successfully demonstrated that it is one of the most accurate model to 
capture the effect of both natural and forced heat transfer convection phenomena on a surface exposed to different wind 
flow conditions

In addition, a sensitivity study was carried out to find an optimum size of time step value (0.01 second) and time 
averaged transient solution for 10 second as shown in Figure 3. While doing this the convergence criterion was based on 
the reduction of all the scaled solution residuals under the threshold of 10-4 for all the time steps. 

Figure 3. An example of time averaged estimation of floor heat flux (wind speed 4m/s at 240˚)

The post-processing of the 3D behaviour of the flow fields inside the enclosure were examined on the mid isoplane 
(x=1.4) as demonstrated in Figure 4 for all the cases. 
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Figure 4. Schematic representation of the 3D air space and the mid Isoplane 

3. RESULTS AND DISCUSSION

By examining the flow fields of the 3D space on the mid isoplane (x=1.4), the influence of the increasing level of external wind 
speed values from 0 to 8 m/s at an interval of 2 m/s with the angle of attack of 0˚ are analysed at the beginning (the angle of 
attack is the angle between the wind direction and a line normal to the window opening). While doing this, the WOF value of 
0.5, temperature difference of 15˚C between the floor and outdoor is maintained constant for all the cases. As expected, the 
increasing level of external wind speed significantly influences the indoor flow fields and heat transfer behaviour on the floor. 

To demonstrate this, Figure 5 (a) shows the purely recirculation nature of the velocity flow field generated at the mid plane 
of the indoor 3D space at a no wind condition. Obviously, it indicates a predominance of the buoyancy effect, whereby a 
significant fresh air plume is drawn to the lower part of the opening from outside the enclosure to maintain continuity as 
air exits the room due to buoyancy. This contributes significantly to the turbulent nature of the flow on the floor adjacent 
to the window. Similarly, demonstrating the air temperature profile on the same plane, Figure 5 (b) indicates its increasing 
nature from the opening towards the opposite wall and from the floor to the ceiling of the enclosure. Obviously, this uneven 
distribution of velocity and temperature indicates that the resulting heat transfer behaviour from the floor would be relatively 
non-uniform and weakening in nature as it moves away from the opening. Pokhrel et al. (2017) also demonstrated the similar 
results in detail for a larger opening area equivalent to WOF value of 1. 

   

Figure 5. (a) Velocity vector (left) (b) Air temperature contour (right) [Isoplane (x = 1.4 & no wind]
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Going further, by increasing the external wind speed to a value of 4 m/s at the reference height, the purely recirculation 
nature of indoor flow field is observed to be getting squeezed. This might be due to the relative dominance of the wind driven 
forces on the top portion of the opening compared to the bottom portion of the opening as seen in Figure 6 (a). Obviously, 
this increased penetration of the wind inside the 3D space strengthens the turbulence level in the 3D space resulting a 
relatively higher level of flow velocity towards the floor as seen in Figure 6 (a) compared to the earlier case with no wind 
condition demonstrated in Figure 5 (a). 

In addition to this, the influence of the relatively cold outside air also starts prevailing on the 3 D space as seen in Figure 6 
(b) lowering the overall bulk temperature of the air ultimately increasing the temperature difference between the floor and the 
surrounding bulk fluid. Though, these phenomena supports a move towards increasing convection heat transfer behaviour 
from the floor, the wind driving force is still not sufficient to completely disrupt the natural convection phenomena occurring 
on the floor. It can be verified by recognizing the similar direction of the velocity flow field towards the floor. In a summary, it 
indicates that the flow fields in the 3D space are influenced by both the wind driving forces (top portion) and the buoyancy 
driving forces (bottom portion) resulting in a mixed effect of the reinforcing and resisting nature of these two forces leading 
to a slightly different nature of heat transfer behaviour on the floor. 

   

Figure 6 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 4 m/s at reference height, angle of 
attack =0˚]

Now, by increasing the external wind speed further to a value of 8 m/s at the reference height, Figure 7 (a) and (b) 
visibly demonstrated an increased influence of the external wind speed on flow fields. Illustrating it further, the Figure 7 (a) 
shows that the increased wind speed is at a level such that it completely reverse the direction of the flow field indicating an 
existence of dominant wind driving force with higher turbulence throughout the 3D space. Similarly, Figure 7 (b) shows that 
almost the entire 3D space is filled with air at the outside temperature further lowering the 3D space bulk air temperature and 
ultimately increasing the temperature difference between the floor and the surrounding bulk air. As explained earlier, both of 
these mechanisms indicate towards an increased level of the heat transfer behaviour on the floor. 

Influence of wind on indoor convective floor heat transfer of single-sided naturally ventilated cubical enclosures
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Figure 7 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 8 m/s at reference height, angle of 
attack =0˚]

Summing up the above discussion, Figure 8 demonstrates an increasing trend of the average heat flux on the floor 
and the equivalent Nusselt number due to an increasing level of the external wind speed. As discussed earlier, the rate of 
increase in heat transfer behaviour of the floor is relatively insignificant to where buoyancy force is the dominant driving force 
for the heat transfer behaviour. In this particular case of partially opened cubical enclosure of 2.4 m. with 15 ˚C temperature 
difference between floor and ambient and the WOF value of 0.5, that transition point appears to exist somewhere near to a 
case of applying 4 m/s of external wind speed at the reference height. After that point, the rate of increase of the floor heat 
transfer is relatively higher indicating that the wind force becoming dominant driving force for the heat transfer on the floor. 
As demonstrated in Figure 8, a polynomial equation of order 2 can sufficiently estimate the average heat flux on the floor. 

Figure 8. Effect of external wind speed on floor average heat flux [Wind condition at reference height of 10 meter and angle of attack 0˚]

Now, in reality the wind might approach the single sided opening of the building from any direction thus making it worth 
examining the influence of different wind angle of attacks on flow fields and its effect on the floor heat transfer behaviour 
in the 3D space. As such, 12 different cases with varying wind angle of attacks was analysed at an interval of 30˚. While 
doing this similar conditions of input wind speed (4 m/s at 10 m. reference height), WOF value of 0.5 and 15˚C temperature 
difference between the floor to the ambient is maintained for all the cases considered. 

Now, again by examining the flow fields of the 3D space on the mid isoplane (x=1.4), it is apparent that varying the 
wind direction greatly influences the indoor flow field and floor heat transfer behaviour. As an example, demonstrating the 
influence of leeward opening equivalent to 180 ˚of angle of attack, Figure 9 (a) shows that the velocity flow fields do not 
relatively get squeezed compared to the windward opening equivalent to 0˚ angle of attack presented in Figure 6 (a). This 
might be because the direct influence of wind driving force is relatively lower in the leeward case compared to the windward 
case thus allowing the flow inside 3D space to behave more as a recirculation due to natural convection mechanism. It can 
also be verified by comparing the Figures 9 (a) and 6 (a) that the values of the velocity of the flow near the floor is ~0.18 m/s 
in the leeward case compared to ~0.30 m/s for the windward case. 
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Figure 9 (a) velocity vector (left) (b) Air temperature contour (right) [Isoplane x=1.4, wind speed = 4 m/s at reference height, angle of 
attack =180˚]

In addition to this, Figure 9 (b) shows that the temperature distribution profile inside the 3D space of the enclosure 
is relatively higher (~23-24 ˚C) in the leeward case compared to corresponding windward case (~20-21˚C) (Figure 6 (b)) 
resulting relatively higher bulk air temperature in the leeward case. Obviously, these behaviours of flow fields inside the 
enclosure indicate that the average floor heat transfer is lower in the leeward case of 180˚ than the respective windward 
case of 0˚ angle of attack. 

Summing up the discussion, the examination indicates that the heat transfer on the floor is a maximum when the angle 
of attack is 0 ˚ and it gradually decreases (27%) to a minimum value for angle of attack 90˚ for this particular size of the 3D 
space and threshold of different parameters applied. Similar trend are observed for the cases with angle of attack between 
360˚ and 270˚. As discussed earlier, as viewed from the Newton’s law of cooling, this might be due to the relatively weaker 
turbulence and lower values of temperature difference between the floor and the bulk air temperature of the enclosure as 
the approaching wind angle of attack increases from 0˚ to 90˚ and decreases from 360˚ to 270˚. In addition, this behaviour 
indicates a reinforcing wind and buoyancy driven effect causing maximum ventilation resulting in maximum floor heat 
transfer at angle of attack (0˚ & 360˚). However, it also indicates a resisting wind and buoyancy driven effect causing 
minimum ventilation resulting minimum floor heat transfer at angle of attack (90˚ and 270˚). 

Figure 10. Effect of varying wind direction on the floor heat flux [Wind speed of 4m/s at reference height of 10 meter]

In contrast to this behaviour, there is not much variation observed for angle of attack between 120˚ to 240˚ indicating 
that floor heat transfer is governed mainly by buoyancy driven natural convection alone without much resistance from 
wind effect. It can also be verified by observing the purely recirculation nature of flow fields observed inside the 3D space 
enclosure indicating towards buoyancy driven natural convection. 

Influence of wind on indoor convective floor heat transfer of single-sided naturally ventilated cubical enclosures



716

4. CONCLUSIONS AND RECOMMENDATIONS

By corroborating the earlier studies on buoyancy driven flow in a single-sided partly opened cubical enclosure, the results 
from this study indicated that the different level of outside wind conditions strongly influences both the indoor flow-fields and 
heat transfer behaviour on the floor. In addition to this, the investigation demonstrated that varying the wind conditions due 
to change in its speed and direction could result in in different flow regimes and temperature distribution inside the enclosure 
causing different heat transfer behaviours on the floor. Furthermore, the relative changes in the strength of wind driving force 
with respect to the buoyancy driven force due to the changes in wind conditions could cause reinforcing or resisting nature 
of flow through the opening resulting in different natural convection mechanisms ultimately leading to different heat transfer 
behaviours on the floor. 

Now, the generalization of these results requires further sensitivity study with extended range and values of wind 
conditions, opening area, building dimension and buoyancy effect. Nonetheless, there is a significant scope of lowering 
the uncertainty of estimating floor heat transfer in natural ventilated space by including the effect of varying outdoor wind 
conditions in the existing empirical correlations. 
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